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¥iF Ferrite Antenzas
SQOARY

The foilowinz repori .acludes the resulrs of rhe work periormed

at 11T Federai Lsboratories on the design of VLF ferrite icadzd antearas mier

Contract Xonr 3355 up to »ovesber 10Ci. The report comsisis of a general

of the properties of short electrical radiators, of a general theoretical

Teview

amzlivels

of the perfornance of ferrite 1oaded antennas, of the preseczaticon 2ng diicuessien

of extensive expsrimental verifications of the theory. anc, finally, of a
nary design of an Doeg: Iype smtenns system. The iatter woould operste 2t
with a2 radiated power up to 20 2w, and with an efficiency of the order of

prelici-
0.2 Xefs

1%,

while this design is tentstive, it constitutes 3 soumd reference besis for the

developoent of & final fervile losded antemna systex,

The vork discussed in the following indicstes that the use of ferris

loading provides comsidorable vavelenpth reduvciion aicong the axis of the radiager

3nd resuits in structures vwhich have radistion res:istance largser than th

setal-air auntennas Lavianz ihe same height. The overall desizs =2y 5e achieved

with .stisfactory chazacteristics of efficiency. relisbilizty, bandwidth and cos:.

The saxicr: redildiéd power is licited by the distortisn vhish scours vhen the

seznetic carerial beccees zatursted; hovever, in practice sarisfactery levels of

Sulput powdr =AY ¢ otiained for dedius power apriicazioas.
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LINFAR FERRITE LOADED ANTERNAS

.

e 5w
G .

The design of transmizting antennas for ithe ¥iF *o frequensy

.

range =xst satisfy io general a pumber of condizions wihose reistive importance

varies fros= one case to another. Thete ave:

i. Radiaticn efficiexncy

2. Pover haméling
3. Bandwidth

5. lost of ~castruction asd of smairtenance

S. Yulnerability with respect 0 ere=y action
£. Fregquency tuming ability

7. Radiariom pattern and gain

3. Beight .... etc.

The ideal case, which is taken as referemce, is that of & goarter-vave sonopols
shovs infinitely conducting growmd, For ViF to EF applicaticns shorter am-

texnss are seeded: the Llasic approach comsists of the use of 10p lcaded oomo-
poles, On the other hend, mceopoles with inductive joading vhere the inducceance
say bz lusged at & suitable intermediate location or distrisuicd alomg the radiater.
=3y Se used. ir both cifes the loading results ic tening the icput imgpesance of
the sotenmg, The current distributics of the icaded anteoms depencds o The pavli-

cular Type of lcading amd in cerisin cases Tends o be w=mifor=,

The spproach followed is the present work is Sasec on the wse of
diszributed ferrite loadin iz this case, Ihe znlenns siTuciure Znd propagstion
characteristics are icied =4, in particclar, the &:z21 sropagatiom comsiant s
increased, so that rthe axial vaveleagth is recdoced wiih respect to the wilwse :in a:ir.
2ir siToctures. If properly desighed, zThese antennss provide high radiatios
efficiency and large reistive bandwidrh with respect Ic convenlicnal =elsli-aic
sntescas of the same height; oo the other hand, the power handling is laizized

by the magnetizstion saturation of the ferr.te saterial. Esxfore prozesdizl o

oy

the Ciscussicn of the theory of fecrite iozfed lizear antennas. 1t iz coovenisal

by

to review Srisfiy the theory of metzl zir antennas.

ok
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CONFILENTIAL

2, THE LINEAR METAL-/IR ANTENNA

We consider first the cage of thin wire antennas, With reference
to a current elewment 1dl Em located at the origin of a sphericsl coordinate
system along the y axis, one obtains the radia*ion field by cousideration of
the corresponding vector potential:

A e Ak e W ke (1)

bine
From Maxwelli's equations there folio the well known field equations:

H o Jd1sin? (38 + ;1:) . *ipr

. re -
1dl  sin@ 1 -38r
E = N B+ 1/r + - (2)
o T~ B/ o )
1d1 cos® 2 2 o =B
B s T (f ¢ ) e
Jar

where n = - and £ ® @\ _ . The radiated power is computed from integration

of the Poynting vector over the surface of & sphere of radius r, having the current
element at its center. The average power is contributed only by the far field com-
ponents:

H =3B ldlwsin: _=3r
(3)
1d1l sin@ -jpr
Ee - 36 n b vr
and the corresponding time average Poynting vector is:
r.. =1/2R (; x ;*) o (p ldlsie® )2 (&)
avg h 3 \ Lo i

2
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The overall radiated power is:

2.2 ,.2
dl
P=s q b1 gl (s}
12 7w

where I is the maximum wlue cf the current. The corresponding radiation re-

eistance is:
2 ,,2
dl 2 ,dl 2
Ropg * ,‘LG_._ - 87 (L (6
m

~-

For a short dipole of length with a triangular current distribution, haviag
peak current I at its center and zero current &> its ends, the radiated power
is one quarter of that corresponding to a uniform current radiator of the same
length and the radiation resistance is:

2

2, .
(X) (7N

R -207

rad
For a short vertical monopole, above perfect ground, one has:

2 e 72
Regg = 107 (=) (8)
More generally. if one considers & thin linear antenna of hcight
2H, having s sinu3oidal current distribution:
1 =1 sin & (H2) R PR
(9)
. . wt, 2. 0

a = & wate p o\es v =y

where z is measured from the antenna mid-point, the resulting radiated electro-
magnetic field may be cobtained by integration of suitable infinitesimal current
elements, The far field components are:

-Jor
I _3‘60 I - » cos (3H cos 8) - cos SH
sin 9

ne

3.
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~§pr
60 Im < » cos (BH cos 8} - cos AH (10)

sia 6

« e - 4
i C

where r is the radial distance from the antenna mid-point, tor a half-wave
dipole (or quarter-wave monopole) one has fH = 7/2; the radiation resistance
computed through integration cf the Poynting vector is:

e .
0
R, = %0 ) s (28H) - S, (4BH) - S. (2BH) ccsBH
rad .1n2 aH L 1 1 L -
: - (11)
+18, (4pH) - s, (28H) i sin 28H + (1 + cos 28H) 5, (28K) -
)
sin J8H S, (28n) '
for a dipole of half length H. In the above expression:
x 1 - cosv x
s, (x) = S———— v, $. (x) = sinv dv (12)
v ' —
o o v

J

"

M

in the particular case of half-wave dipole and quarter-wave monopole above
perfect ground, equation (71) provides respectively:

R

cad " 73 ohms, Rtld = 36,5 ohms

The radistion resistance can also be c¢omputed by the induced emf method, Con-
eives Avs Gamwpas, @ VELLIUGL TUNOPOLE OI NELgNT H apove perfect ground, Start-
ing from the expression of the z-component of the electric field at the surface
of the antenna, obtained assuming a given current distribution, one computes the
power required to produce the assumed current against the induced voltage as

follows:

b
CONFIDENTIAL
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P = :%— ' E .1 (2) cos ¥ iz
o .= :

where {§ is the phase angle between current and Ez. In the case of a sinu-
sodial distribution of current, one readily obtains the expression of Rrad
previously found.

The reactance of the idesl "thin wire" dipole antenna element is
found to be infinitely large. This is due to the fact thst the reactance de-
pends strongly upon the "nesar field" components; and these cannot be defined
accurately with the thin wire idealization, Therefore, in cowputations of
an_znna reactances, it is essential “hat the actual antenna cross-~section be
taken into account,

In general, considering a cylindrical antenna wire of radius a
carrying a sinusoidal current distribution, it is found that the reactaace can
be computed from the value of the reactive power required to produce the assumed
current against the induced voltage, With reference to a vertical monopole of

height H, one finds:
H :

-1
P - = i:—::-

react, 1(z) | sinydz (18)
(]

wherefrom the reactance of the antenna may be computed, letting P= x1‘/2:

x - 15 . stnzeH -0.5772 + 1 B2 4 2ci(an) - cilen)
sin 8§ H * ? i}
- cos 2K !{281 (25H) - si (4BH) . - 251 (2BH) > (15)

.

In particular, for a quarter-wave vertical monopole, the reactance
is found to be X = + 21,25 ohms; on the other hand, for shorter antemnas, the
reactauce depends strongly on the value of the diameter of the antennsa and de-
creases as the latter is increased,

3. INFINITELY LONG RADIATOR

A prublem of particular interest for the study of ferrite losded

5.
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anrennas is that of the radiation pcoperties of an infinitely long conductor,
carrying a uniform current I ;’jwt . Assuming that the conductor is surrounded
by uniform lossless space, and that the conductour -3 conjuctivity G, the
electromagnetic £ield distribution corresponding t. the principal mode ig
found to be given by the following exprecsion: (1)

0 o gimas () - dotBE)
1 B_ ! (wt-Bz) 16}
E s hi R (h’ ) - (

— o"o 1
o vy oy
i (2) J(ere-p2)
& E, = bo“o (h2 ) -
i g (@) (py . Hot-pz) (7
E\ * 4 h bt':nc» (h2‘) -
2
. k.2 (2)! 3(wt-Bz)
3 = 3 2 b H (bye) -
) g oo 2
. 2 — 2 2
In these relations B i{s the axial propagation constant, k1 =-in , ke = @
and :
2 2 2 2 2 2
hl - kl - ﬁ ? h2 = ke - 5 (le)
The axial current is computed as follows:
& )
i=-27 oe'ed, - T C) a3 (hja) - Iwt-p2)
-0 b, {19)

(1) E. C. Jordan, Electromagnetic Waves and Radiating Systems, Frentice Hall, Inc,,
1950, p. 370.

6.
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wherefrom the vslue of the coefficient ao is obtsined sas a fuuction of the
given current, i.e,

s - b I, (20)
[4
2""0'31 \hl.)

Simila.ly, from the boundary condition at = a one obtains the value of the
coefficient bo as follows:

2

b, = P 21 1
k2 zE;
2ra 0'1 172 H, (hel) (21)
It should be stated chat, if the conductor is assumed to have infinite conduct-
{vity, the field vanishes for . - a and one finds:
by=0, BekyewV (22)
i.e. the axial propagation occurs with speed equal to thst of the external
medium, The above expressions of the I{eld cannot be applied in the pre-
sent case, since Ez (a) = O and the argument of the Bessel functions vanishes.
Starting frcm Maxwell's equations and indicating with Bww
the axial propagation constant, one finds that the axisl component }:z is
a solution of the wave equatiom:
2 2
e, L, 1 9dg, +8%, =0 (23)
32 A
and
1 (; E
H = - z (24)
¢ w 3

There follows:

-~
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E:“ - cno(e) (5?) .E j(M‘B‘)
(25)
N (2)
o= Boow e e
Prom the boundary condition:
10-2¢a; (a) (26;
there follows:
Cs xc> ® My — )
2w a T8 B 3a) (z1
i.e
2map Bl .
o . I, _ (2) 6.) - (wt-p2)
ey @ e
Since B. Z< 1 one has:
'il(a) {Ba) . E‘ + 21 (29)
Th a
i.e.
S; - -0U, ze ao(e) ®:) : ${wt-82)
(30)

<
ﬁ;- -3 Blo

. Lo w(® ey et

8.
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Since Ez mist reduce to zero at ¢ = a, it is seen that there is present a
field component

g, =3, (8) - - @ taly Ho(a) (sa) (31

which represents the self-induced electric field produced by the current Io.

One may now compute the external impedence of the wire per unit length; letting

Iov2:ran°(a) one has

(2)
2.~ B o Smuy BT (Ba) (32)
o o & W, (2a)
letting for fa -~ . 1.
{2) a1 . 24 1.781
LR (Be) = 1 p= ln =3 3 pa
33)
(2) . 2
B (e s By £
one finds
Zext ‘o o ‘42 + 3 [++] Lo 1n 2 (32‘)
1 er 1.781 Ba

Thus the radiation resistance per unit length is o - 2/’4 and the corresponding
reactance is o« uelar In (2/1.781 B8& ). The preceeding result may be general-
ized with consideration of the internal impadance of the cylindrical conductor
obtained when the conductivity is finite and the frequency is low. 1In this case
one finds:

-1 | 5
iat 2. t P 5 (35)

9
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per unit length, At high frequencies, skin effect phenomena occur and the
internal ispedance assumes the following expression:

]
int ora VY 2 — 2re !

L. BANDWIDTH AND EFFICIENCY CHARACTZRISTICS OF METAL-AIR ANTENNAS

The input i{mpedince of an antenus may be cospuied from the eqgs.
11 and 15 and expressed in general as follows:

Z, =B, +1X, (37)

where x. may be positive or negative depending upon the antenna length, and is
zero at series resonance, The rglative 3 db bandwidth 2 &n of the antenna is
computed solving for Sm the equation:

2 - B
R (@)= R° @+ e + x% (@ + o0 V2 (38)

s

Similarly the antenna Q is defined with the relationship
'd
Q=o, fo (39)

The genersl expressions 11 and 15 of the antenns impedance are too cieplicated
to prc ‘de & simple expression for the bandwidth. 1If the antenna is electrically

short (BH - 0.5) an approximate exzansion of the impedance may be used as fouows(g)

o 2 ;
zZ = a/—u (e8) -§ 1 (1n %... -1)

2 67 P 2R

(ko)

Assuming that & series inductance is used 1.7t tuningz, one has approximately

(2) R.W.P. King, Theory of Linesar Antencas, Harvard University Press, 1956,

10.
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R, (m°+8m) = K, (09)

(&1)
S
4 - @
X, (@, +8a) 2x, () o
There follows from application of eq. 40
b~ R (en)>
o Y2 - a = (L2)
®o X, In B - i)
a

Recapitulating, the radiation resistance of an electrically short
vertical dipole sntemna varies proportionslly to the square of the height H and
the relative bandwidth varies proportionally to the third power of H. Hence,
with the decrease of H the radlistion resistance and the relative bandwidth becone
very small. These characteristics represent basic limitations of short smtemnss

since the efficiency depends upon ths ratio Rradlnlou and R . is a function

los
of the losses in the ground, in the tuning circuit, in the antemns conductors,
in the anteans insulators, etc. Oa the other hand, the relstive bandwidth is
prescribed by operstional conditions and typically may range from values of

2x 10.3 to S x 10.2 at frequencies in the VLF to HF range.

In order to meet practical design requireamxnts it is necessary to keep
the antenna height sufficiently high, to use simple or multiple conductors with
suitably large effective diameter, to sake recourse to folded dipole or cage

structures, etc.

It is of intercst to summarize the characteristics of some VLF
antenna designs for purpose of reference., We¢ shall refer to the antenns installation:
of Porest-Port and of Cutler, Maine,

FOREST-PORT ANTENNA

The Porest-Port Antenna, part ~f an Air Force three-station VIF
trauszitting navigational system known as Project Omega, is located in Forest Port,
New York.

11,

CONFIDENTIAL




il

CCGNFIDENTIAL

The antenna consists of one 175 i, dasr insulated towe: which uses
its 3ix teop guys to provide the necessary capacitive top inading to make the
antenne self resonant at 10C Kc., By mvans of inductive base tuning the antenns

operates at 10.2 Ke with the following characteristics;

Effective height »ag fr,
Radiation resistance <.C71 ohms
Maximum power radiated 27 watee

CUTLER ANTENL:

The Cutler Antenna, part cof the Navy VLF transmitting station located
in Cutler, Maine, consists of two arrays whose centers are separated by ore zile
and which may be operated independently or in dual. Each array has s mean height
of 848 ft. and a radius of 3U7C ft.; it consists of one center tower of 9°C fr.
and 12 smaller towers ranging from 275 to B.{ feet, which support its star shaped

top hat.

The top hat of each array is =ade up of six independent Zismond
sections which are insulated from the towe:s and can be controlled separarely,
that is, thev can be lowered or raised for repsirs or for preventich of damags
from heavy i:ing. u. ,ze arrangement of the RF fiad lines makes it possible o
pass €0 cycle deicina currents throuch either array or remove ice under mcderate
icing cenditions. Since the arrays may be operated indepencently, this arrangesent
allows one erray to continue transmitting wpile the Sther is being deiced; hence

the sts ‘on may operate confinucusly,

Fower is fed froz tne trans—itler to a hei:x house at the base of each
array through an underground coaxial transmission system., The helix hLouse contaias
a tuning unit for the array and provices ¢ fees points ¢n its roof for feedinz €
vertical “up-leads” which are the rad:iaring elements of the zrray. The “up-ieads’
are equally spaced on a circle of diamecer 60 ft providing a lirge effective diameter
for improved bandwidth.

A large buried radial wive ground syste= uelps teo srovide a low loss

ground return for the antenna currents, The station is located on 2 penirsula and

EE Y

CONFIDENTIAL

MR SULIY VLIS ..




CONFIRENTIAL

the ground systex is terminated in the ocean by wmeans of ses anchors which
extc~d abour 200 ft. into the ocean.

Selow 15 & svemary cf the electrical charzcteristic of the antenna

when operated as a dual arrsay at its lowest frequancy of spersrign 1L Xe.

Capacitrzace 0.122 uvf each array
Resistance 0.22 ohos
Reactance -3 86.C ohzs
effective Heighr 437 izet
Efficiency Fis; )

Unissded @ 481

Radiated Power 106 watts
Bandwidch 6C cycles

5. GEMERAL PRCPERTIES OF LINEAR FERRIIE LOADED ANTENNAS

The electrical propecties of antennas are dependent upon the
physical charscteristics of the surrcunding wedium., Hencs; if dipole antennas
are embeddsd in & medivm with dislectric permittivity £‘aad azgnetic perscability a
larger than the values of aiy, & correspoading increase of tle valuz of the prop-
agation consteai 3‘ -‘:.9 ;r';s—;-ét is cbtained and therefors, the axial wave-
leagth distribution = 2-/2° beccass smaller than in &ir, If the mediuvs extends
to infinity, the same expressionz descrided for the case of air spply, excapt
that in geaeral the losses sid the saturstion of the sediue must be taken into
account. From a practical point of view one =ight consider the effect resulting
from et :dding the antenns in & aedium of finite extent, suck a5 for example s
cylinder cosxial with tnc antenns.

The computaticon of the wavelength distributiorn, input impedance, and
relative bandwideh for this type of snterma represents a difficult proble= in gen-
ersl, since the boumdary between medive and air is por a surfsce of constant phase
or of constant amplitude for the radisted electromagnetic wave. From a general point
of view, utilizing the principle of reciprocity, one =ay study the scatter of a
plane vave incidint on such sn anteane struc-ure and derive correspondingly the

curreat sistribution along the antenns as well as the input irpedsn-z and the

13.
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reiative bandvidth. however, due to the fast that the resocant length of the
ag=enne is oot kuown in advance, the probies= must be sclved by spproxiastion;
in most c#ses, the solution is obtained in numerical fors and gives lirtle in-
sight iatc *he genersl properties of the anteana,

2 sigplification of the prodblex is obtzained if the aatemnz is coa-
sidered to comsiset of & cylindrical cosdvetor of infinite lenmgth, radivs a,
smbedded in & cosxisl ferrite cylinder of infinite leagth &nd of radius b.
Ia this cass, one say compute in closed form the veriocs permissible mode distri-
botions and; In particular, the wavelength alomg the axis of the corductor for
sach axde. Ihis resuil represents Important Jesign informstion, since iz is
foumd tc be applicable with good approximation ro the case of antemns of finite
lezgth. As far as the antennas input ispedanc and the relative bandsidth sre
concer-ad this approach does not provide coovenient answers. Im the following
section the geaeral theory cf propagation of el:xctrossgnetic waves along iafinite
ferrite loaded conductors is discussed; this is followed b7 s Cescription of
various experimentel results and by an ocutline of the desiga proczdure of ferrize
loaded antennas.

6. WAVE PROPAGATION ALONG AN INFIKITE FERRITE LOADED CONDICT(R

Consider &= infinite stratght comductor of infinite cosductivity and
radius &, surrounded I3y =n umiform fervrite cylinder of iscer radius &, sad octes
radius b, having permesdility y and persittivity -  .(Fig. 1} Using 2 cylisdrical
cocrdiaate systex: - 3 z, o=2 firds that rhe electromagnetic fielid distcibutiom
a3y be expressed in terms of two Eertz vecior poteatiails “: &l zg both parsilel
to the = sxis and :sa;c\hﬁtm their magnitudes sarisfy the scalar wave egustion

p-xe 2 - u0 %3- Fac 3)
k 1

352

-

Assu=ing harsomic time and spaze dependence one may let in genersl

v = (P T) e (it-s2) (s%)

1%,
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- £ 2
= .o i e 3 2 2
1 < (F— 1= - .+ (xsT)te0
] ~p .2

in the eg. 35 the coefficiesr K is expressed in terms of the charscteristics of
the medies, i, e,

»
'
i)
|
"
v
i
"
=

a3 the coefficient 8 is the axisl propagation constant, i.e.

sg=20/3, 57}
where z is the wavelezgtk alozg the r sxis, The geseral expressicn of the
electrosagoeric field is derived from the vector potentials N =2 :2 using
it followizg relstioms

E« ¥=x .%;!;}é_b _s_s.%':;g
{58;
E e {(Ceyps} =, « Y x Tx =

Iz is seen Ther the field derived froe ;i hes o sxial msgnetic field component,
while the field derived from =_  bss no axial electric field composent; for chis
reasca, the two field ceaﬂgg.-;zsaa; are ceiled Tespectively trsasverse szgnetic
=< trassverse elsctric.

Cilearly the prodlesm of interest in the present iovestigstion faiils
in the clsss of trarsserse magmetic xdes. We cxx proceed sccordingly neglecting
;:2 and solving ey, 35 sepsrateiy is regics. I, f.e. & €7 < b and in regios Z,
f.e, % € 1 =X

- .

1s.
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In region 1 we may let in genersl

-~

Elz * [,/__ (Aln Jn (hln )+ Blx\Nﬂ (hln )

) st *)
n=Q -

H,_ =0 {%9)

and in region 2 we may let

ST (1) . Mnt o+ wtep 2) (50)
g * ‘/_>_ - Coan  Ha (hyy + 2 "
n=0
In the above equations
2 2 2
Ma K -8y
(51)

2
2 2
%n-xzosn

Since we are interested in fields which are distributed uniforwmly with respect
to the angle J , we shall limit our investigation to the zero order mode
only, i.e, n=0, Hence, applying eqs. 47 we find:

Region 1
r Hwt -8

B, * gAlJo Ihle ) + 8,8, (hle) =)

2 ‘ T M(wtepz)
B Jeton | a3 ) s s )

\ 1 L (52)

W, - LA (h 4B N, (b ) . St
1= C A () RS T R

l/ 2 2 .
w‘u‘ Kl -8 -

16,
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Re~‘on 2

E,, "= Ceﬂo(l) by ) & Hot - pz)
E,, = [/:;34%252 ‘, n1(2) (hy - ) - {wt-B2) (53)
Hyy = ‘JK?2 c, al(l) (hy . ) J(wt-B2)

In order to find the eigen values of the probiem and the values of the coefficients

B, and C,. we make recourse to the following boundary conditions
Aiol >

v =a, E « 0

1z
(5%)
v b B, B2:’ By = Hyo
Froa the first condition we obtain
\ -
A (h,a) + B, N, (hla) 0 (55)
i,e.
B, = - A Jo (hl‘) (56)
1 1 ——————
Ny (hya)
17.
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Substituting in eqs. (52) we obtain:

[ ; . Yy ¢ ak-pz)
Bip = Ay | g () N (By) - 3 (hye) N (o)
o CIA T . . " Hwt-pz)
By ——— . (hyo) N, (hja) = J(h,a) By (B ) : (57)
1 - -
3,2 r . \.  wt-Bz)
“‘9 = 1 Ai :’ Jl (hl .‘) NO (hll) o JO (hl‘) Nl (hlz)':
® kyhy ; -
Turaing now to the boundary condition at (" b we write:
- )i - {1
AT (hlb) N, (hl“) J, (hlt) N, (hlbz CH, (hgb)
(58)
K2 r o og2c (1)
1 M N (hxb) N, (hla) -3, (h,a) N, (h;b) = 2 e H (heb)
L - ‘DILQh
2
© by ny
In order to solve the above system of equations we introduce the following
substitutions:
it =, h2b = v
(59)

hll = us, h2a = Vg

vwhere s « a/b, Hence eqs. (58) may be written as follows:

18.
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A1 -Jo (v) N, (us) - J, (us) N, (u): -c, Ho(1) (v)

(60)
Kle . ) K © (1)
—_— Al . Jl (v) NO {us) - JO (us) Nl (v) - 2 C2 H} (v)
1 lhl v B ® }A2h2

Since the ahove system of equations .s howogencous, necessary and sufficient

condition for the existence of a non-trival solution is:

9 (u) N, (us) -3, (us) B {u) KCagy - Y (61)

3, (u) N (us) - 3, (us) N, (u) K, by Mo(1) (v )

An equivalent expression of eq. 59 is written as follows:

9 5 (u) N (us) - 3, (us) N, (uv) 1 H, (v )

<

- J, (u) B (us) - 3 (us) N (u) i (v) (62)

If the quantities u and V are very small, as in the case of interest for the
present investigations, eq. 62 can ba s’zplified noting that:

w2 v
HO(V) - -_g’_ 1n 2j

By (V) =« - 23wV

19.
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3, (v) =1, 3y (v) =0

in _2—

‘Su

FI

N (u) 4
Ny (u) J 2/mua

where 3 = 1,781

Substituting into eq 62 one has finally

L1 1 + 1 «0
¢ uq, i 2 Y
T2 in . VT ln 23
i.e. letting El/ PR
2 v = m (1/s)
e VE ip fe—

(53)

(k)

(65)

In order to remove the imaginary it is convenient to deiine a new set of variables,

1.e.
u=pes hlb

v-!q-heb

In t2rms of p and q equations 51 and 65 are written as follows,

‘12 - 6% - 2P

2_ 2.2
Ky - B = - qfb

20.
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5q2 1n 2 = 9% In (b/a)

9
Up to this point, we have assumed that the conductivity of the €errite is greater

than gzero. In practice, however, we may expect to use a low-loss ferrite material

and correspondingly may let § = O, There follows:

2 2 2
Ry =o b, £, = (2"/>«o)
2 2 , -
Kl - }.ll ty1 » (&/.xo)c w

where U= p.I/}.Le , E - 21/ 22. Substituting in eqs. 567 and manipulsting one
finds:

2
2r (2 . or 2,2
() ve = (5) =@/
] 3
» . . (69)
2m 2m e
( iy ) - ( Y ) /b
° z
- q‘ 1o g - p2 Ins
f
Finally adding and subtracting the first twe .quations of 69 une obtains:
Je 2
21b - Y P ¥ q
2 Je .
o -l
(70)
v o2, .2
- p +gq
L2

2i.
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The above system of equations provides the solution of the p-cblem of the design
of a8 resonant ferrite antenna. Given the values of - and .. for the ferrite mater-

iel and of the radii 2 tnd b, the ratio Xz/lo is computed. Alternstively, given

"~

w  and kzlla one zan find the required vaiuves of a and b for which the

desired wavelength reduction is obtained.

The information contsined in equaticns {70) may be presented in
graphical fors in & nusber of ways. From the first of eqs. (70; it is seen that
a family of circies for constant Ao/b is described with the equation

2 2 2

p +q = (-un=~1) (277b/l°) {11)
Oa the other hand the equatioa

2., 2 .

P 1n (b/a) = -q 1n (1.12/q; (12)

describes & family of curves, esch chsracterized by a given vatio bfa, The
families corresponding . e€gs. (71} and (72) are plotted in fig. 2 for s given
type of ferrite having relative average perseability .= 100 and relative average
permittivity - = 10, Using the latter diagras it is possible to find the values
of the quantities p and ¢ which correspond to a given =i oi values lo/b and b/a,
Substituting in the equation

A, P +q (73)

the desired ratio lx/lo is computed., It is of interest to note that in certain
ranges of the virlables iolb and bfa two solutions sre obtained; for instance
letting lofb = 100 and bfa = 5 one finds:

22
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p=L2 q =0.7, lexo = 0,0625

p = 109, q=0.87, ).z/'xo = 0.0509

The maxioum permissible value of q is 1.12; this corresponds to )\ O/b = 177

&nd to p = 0. In this case one finds X /A = 1//ue  regardless >t the ratio
b/s. Associated with tbe same ratio ) /b there is found also another solution
for each value of b/a.

In experimental verifi stions the degeneracy above illustrated is not
found and only the solutions corresponding to the smaller of the q values is
obtained. The result may be attributed to the occurrence of additional boundary
conditions not included in the above analysis.

A more compact representation of the design ecuations (70) is obtained
eliminating the quantity p; in fact, solving the first equation in terms of p one
has:

P (- (E2. 2 (75)
|+

Substituting in the remaining equations, these acquire the following fors

27 b
(76)
_25_b2 ¥

From the latter expressions it is noted that for a given value of the ratio
) N o/b’ the ratio 1‘/10 becomes smaller, the larger is the value of the parameter g,
The parsmeter q is obtained as a solution of the second equation of (76). Although

23.
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the latter equation is of tvanscendental form, end, for this reason, cannot be
analyred directly, some considerations of & qualitative nature may be derived.
Ass.oe, for example, that q is very small with respect to unity., In this case,
the said equation reduces approximately to the following form

(Ep-1) (2o )°==eg® 1ng/ 1l T

The fu cion qelnq is zero at q = O and increases monotomically with the increase
of q; hence, g increases with In % ,( £ -1) and b/Lo. Quantitative values are
obtained plotting the varisble mz/}.o as & function of A o/b for given values of the
ratio b/a sad for a giver type of ferrite material. An example is shown in fig. 3

computed for a ferrite material of ~haracteristics ‘= 10, t+ = 100 and for b/a
values of 1.5, 3, 3.8, 10, 25 and 100.

A question of obvious interest is that of the optimization of the
ferrite characteristics. From the second of equations (76) it is seen that,
since g must be less than 1.12, the quantity - it -i must be iess than a certain
limit value, depending upon the ratio b/).o. Physically, this result is interpreted
as a necessary condition for the existence of the principal mode n = {0 of trans-
verse magnetic type of eqs. (49) acd (50). When the latter condition is not

satisfied, the electromagnetic field distributfon must correspond tn a different
mode distribution.

The above analysis has permitted the derivation of the axial wave-
length shortening obtained with a suitable ferrite loading of the conductor.
These results are directly applicable to resonsnt type antennas vhich have a
length equal to Az/h or to & multiple of )\z/h. It would be of interest to
complete the investigation, developing methods of cosputation of the input im~
pedance and of the relative bandwidth of the ferrite loaded antennas. These,
however, cannot be obtained following the previous reasoning, since they require
consideration of the finite length of the antenns and of the existence of modes
more complex than those corresponding to the infinite conductor.

In the case of very short ferrit: losdzd sntennas an approximate

2%,
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analysis of the input resistance =ay be developed assuming that the same equation
valid for metal-sir dipoles applies, except that the gueari-: 8§ is replaced
with the value 52 H, whers 5; is the axiai propagation constsnt of the infinite
ferrite loaded conductor. With this reasoning one obtains the following ex-
pression for the radiation resistance of a ferrite loaded dipole of height H:

I (B H )2 - /T_e (o)’ { Ay )2 (78)
R - v 6w £, 6m iy

vad €2 z

The radistion resistance is larger than that of a metal-air dipole having the
same height H, This result is reasonably well verified by experimental dats,

as will be shown in the following section. On the other hand s similar reasoaing
cammot be developed for the computation of the resctance and of the relative
bandwidth, because of the critical isportance that the ferri-e material represents
with respect to the reactance of the antennaz input impedance.

In conclusion, it has been showm that the wavelength reduction of =
ferrite loaded dipole antenns may be computed with good accuracy from the values of
the radii a and b, and frc- those of the permittivity - and of the permeability -
of the ferrite material. An spproximate expression can slso be derived f~r the
radiation resistance of very short sntennas. From these results it is noted that
ferrite loading gives & reduction of the axial wavelength to vzlues as low as
1/ vl',t_x_s and an increase of the radiation resistance of short antennas with raspect
to that of metal-air monspoles of the same height as lerge as ; however,
the maximum permissible values of -« and « for which the desired transverse mag-
neric mode may be sustained sre limited; in the experience gsined during the perform-
ance of this work it has been found thar, using a2 ferrite with * = 10 and '\ = 2000
the above radiative mode could not be sustained at HF frequencies. Another consider-
ation of isportance is that of the ferrite losses; zeneraliy, the latter increase
with the increase of the permeability, and, for this resson, they limit the advantage
of the wavelengt® reduction obtained by ferrite loading.

25.
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Experimental verifications of the theory of ferrite ioaded antemmnss
have been conducted on HF »odels, vhich have been resonated st fregquencies in the
range frow 1 to 30 mc/s. An antenna testing ground hac %2s: utilized which consists
of buried radial wires 75 meters long uniformly spsced at an anguiasr separation of
3 degrees. This plane is considered good for tests down to sbout 1 mc/s.

Measurements of tie input impedance and of the radiation efficiency
have been made by using respectively an impedancs bridge type G.R. Gl16A and an
Ezpire Field Intensity Meter Type WP 105, The field intensity was measured at a
distance of 800 feet, well within the far field range for all caszs. The measure-
ments of the efficiency were made s *h reference to & standard entenna consisting
of a vertical monopole of height 10/3%, sustained by meant of & helium filled balloon.
In this osanner, errors due to uncertainty of the values of the loss resistances were
elicinated.

Miny measurements have been conducted wirh resonant ferrite loaded
antennas; in this case it has been found that the radistion efficiency ssy be in-
creased if folded type structures sre used. The properties of theae structures are
well known; in particular if two sonopoles of resonant height H are srranged in the
configuration shown fa fig. &, the input impedsnce of the structure is approximately
four times that of 2 single monopole, and the bandwidth correspoads to that of &
single monopole of effccrive radius J/ ad, where d is the separation of the vires
and a2 is the radius of one of the conductors., In the case of a cage type structuge,
{fig. 5) similarly a radistive mode of operation exists, for which the icput imped-
ance is u2 times that of 3 single monopole having the same height, if n is the num-
ber of ‘embers of the cese structure.

The exp: risents of resonance, radiation efficiency, bandwidth, etc. on
ferrite losded anteanas have been conducted using varicus types of ferrite saterial;
in Table 1 the electrical characteristics and the dimensions of the selecred types
are shown,

Heasurements made on resonsnt single mcnopoles above perfect ground are
susmerized in Table 2 snd in f£ig. 6. 1t is noted that in the case of type A ferrite
loading the ratio ﬁ/lo is 0.05 at 25.9 mc/s end 0.075 at 1.89 ac/s; the relative
bandwidth is of the order of 3%, the input impedsnce is of the order of 12 ob=mz

26.
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and the radiation resistance is of the order of 5 obms., Losses are produced with-
in the ground plane snd within the ferrite saterisl.

The above experimental results ssy be evaluesrsr in reference to the

theoretical values cbtained with the theory dereloped in the previous Secticn.
Yor the case of ferrite of type A the vslues of the ratio :\:i)no heve been computed
in Table 3 and plotted in fig. ; for the varicus cases, From the graphs of fig. 3
the theoretical results, correspouding 2o b/a = 1.67,have besn derived and entersd
in the graph of f£ig.7 ; it is ssen that the check between experisentsal and theoret-
ical values is satisfactory.

The varistion of B/A & d of the resonsat height as a function of the
frequescy are ilso plotted in fig, B for the same type A of ferrite. These results
indicate thst the theory of the propsgstion of transverse magnetic modes of zero
order in ferrite loaded sntenass is well verified and that resomant ratio a,’lo of
the order of 0.05 to 0.07 are obtsined w»ith fervrite stvuctures of small dimensions.

The isput resistence of resonsat ferrite loaded satennas i{s less than
thst of resomant metal-air sateanss; for exsmple, a radistion resistance of the
ordzr of 5 chme was obtaioed with monopoles of 8 or 16 feet height, snd with values
of 2 and b respectively 28 =« 0. 95 cm and b = 1,55 cm, Sincs there sre inevitsbdle
losses dus to the ferrite characteristics, the ground resistivity, etc, it is
jsportant that means o vp-traasforming the input impedance be urilized, One
such possibility is obiiined by vecourse to folding techniques.

In the case of ferrite loaded structures tuwo different types of folding
nay be used. {fig. ) Io one case the metal conductors say be folded within zhe
fervite ~nvelope, sod in the second case each ferrite loaded monopole sxparately can
be folded, i.e. folding external to the ferrite is used. 1f the conduciors are
folded inside the farrite, the dimensions of thbe latiler cacnot be made too large snd
the thickness of the ferrite is not utilired in fulil; to express this result in other
vords consider a ferrite cylinder of given ratio bfa, The sxial conductor may com-
sist of 2 single wire of radius s or of & folded structure of equivalent radiys a,
In either case the ferrite effect on wavelength shortening is of the same order of
magnitude. The maxioam total current waich cen be carrizd by t'a conductors is limite:

by the ssturation of the ferrite material sad s, 22y, 1 if n coodoctors are

sat”
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used in folding one has I“: = n], where I is the curramt in esch zoxductor. The
input Tesisrance is R’ = 323 where R is the resistance of . single acocpole and

corresponds to n = 1. Toe value of R nay be considered app.oxicately comstant for
a given ferrite growetry and for a resonent sotenng height. There Zollows thass,

by folding n times, the input impedance is increased 32 times and the imput power
is ?in - % 12 =3 12“t.
the realization of imput matching, ibe recocurse to foiding is adventageous. There

is & limiz »c the utilirsticn of intermat foiding; .or example, the mechanical rTe-

Since the increassd vaiue of resistance faciiitates

sistance of the conductor is decie.sed and the coastruction becomes soTe complicate
requiring the use of suitable isoiators, efc. For this resson in gesersl ir is
pecesssry to nake recourse o external foldisg. This leads to strociures with
largs effective radius and good mechenical resistence; however, the coupling
between adjsc=ar momopoles tends to decrease the resvitins wavelength redostios
ratio 1:]1" with respect to the value obtained with 2 sirgle momcpole. In order
to i{llustrate this imporraar result several experimental datz have bee= taken,
In Table & the data obtained with s resomant folded momopole of height 16 feet
loaded vith type A ferrite and comsisting of two condoctors of Ziasseter 0.25%,
and axisl separatiom 0.50" are shown, The resomsnt freguency is the samwe olizh
spplies for a single = ropole, i.e. .20 sc/s, the inpst impedance is of the crder
of 50 ohms s zhe radistion efficiency is of the crder of 555 Iy comparing these
dats with the vaiues shown in Table Z, the advantaze of the folding operatics be-
comes evident,

in Table 5§ also exsmples of external foiding ar- shown, The same
mouopoles of height 16 feet, loaded with type A ferrite were vsed. The axial
separazion was 0.5 feet, the rescnant fregquency was 5.53 acfs, the isgot impedsnce
was of the order of 5 olms s=d the efficiency wvas of the orier of §55.

Maltipie foldimg is illustrated io the 2ais of Table 5. In this case,

& cusber of icdentical ferTite loaded anlennas was folded in a straight line, Ssrictl

8.
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speaking This struciure is oot sysserricsl &g, for this reason, it does not support

2 complerzely radiarive electromagneric =ode; 25 2 resuir, wirh the iocrease of =z,

i‘?
8
™

ciency resches & =maximun #nd then zends 1o Irlrease. The srruciura
slements uiilized ic The experinments swmparized 1in Table 5 were aii four feer high

a3 wers placed af am axial sepxrarics of §°. The bja ratic was 5.85 asd the vave-

o
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o
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H
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o
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}yl
;:m
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H

lengrh redustion was of the order of £.135; 12is low
chraimed 2r tZe expense of the radiarion efficiency which slsc was reduced; for 2
ingle zomopole the efficiency was 5.5% and ior

s
3. Tox daza of Table 5 are plotted iz fig. iT.

vae 17 :
1f rhe seoe sirmciuTal eleaents are coanected in parsilel rather
than ia fplded ande the inpu? imoedance of the comMinati= is founs 1o decrease

with the increase of n; zorrespondingly, the radiaticon efficiency iIncreases. This
resuls is illustrated in Tsble € and fig. 1! which suzparires the sxperimenrs cone
ducted on & mmber of 8 feet high moocpoles, losded with type A ferrite. The
spacisz was made 2g3iz & T and the numdber of slemests vas varied from o® o four

s

All comfigurations vere mafe TesonasT &% 7.35 acfs in order ico elizinate effects

Zue to different fregoencies of cpeTation. The variation of the ispul izpedance

witk zhe mumder = is Soe o the existence of 2 considerabie loss ¢ nt.  While
the radiation resisizste remdins unchanged when = ix varied, t1he 10ss resistance

is Secrezsss,

c : 2 - < s P _
was founf to vaTy with o #=d the banSwidrh: e=f radiarion efficiency were foomd te

Recspituistizg, the previcss <2z hive shown that a= isprove=ent of the
rafizrics efficiency zay be ohtained by paralliel o 5y fsided mode commestion of Tie
tennas, Sizmce in eizher cise the loss resistasce of the ferrice =2zerial are de-

creased, O the other hand coperatios i thBe f31ded =0de increases the inpur re-

siszance, 1 sinpliifying the prodless of satching for most practicsi cases.
In the previoos Sate it Rt =el poinled out that operaticn or parcilel
=
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monopole structures vrovides an interacrion whici. worsenu the effective wave-

length reduction ratin, In order to investiate specifically this proolem a

series of measursments was made, In Table 3 and fig, 13 tae results obtained
using 4 foot high monopoles with ferrite A lcading are shown, fTwo monopoles at
distances varyirg between 6 feet and 1 foot were used; in each case the feeding
was obtained by medns of cables of fixed iength, and with suitable base impedance
match, It is seen that the wavelength ratio Az/ko varies from 0,225 at S feet

to 0.243 at one foot. Expressing this result in relative terms, the ratio A_/)
z' "o
i3 0.225 at a relative axial distenr. of C,ul»e,

Another study of the proximity effect was made using three monopoles,
rather than two and placing these either on a straight line or at the corners of an
equilatera; triangle. Again monopoles 4 feet high and with type A ferrite .oading

wers used, The results are summarized in Table 9 and in fig. l4. The ratic

by

[}

A /A varied from 0.228 at d/x 0" 0.0425 to C.275 at d/ o = 0.004, In the
case of triangular arrangement the proximity cffect was larger for example at
an axial separation d/) 0" 0.016 the ratio . Z/A o Was 0.248 for straight line
arrangement ans was 0.254 for the t ‘angulai arrangement.

In practical applications of ferrite loading to VLF antennas very
short electrical stru.:.res must be used, In order to investigate the properties
of electrically short dntennas a number of experiments were conducted using short
ierrite loaded monopoles which were resonated by means of top capacitive loading
or by series inductive loading,

As an example, using 6" high monopoles with and without ferrite loading
the following results were obtained, A straight arrangement of four monopoles with
tup capacitive load wag resonated at 27 mc; th: natural resonant requency for 6"
high monopoles in air is 500 mc/s, The top hat consisted of ten five feet long rad-
ials and the electrical height was H/Lo = 0,21+, Adding ferrite loading of type 4,
the resonant frequency was lowered to 10,4 mc;s with a resultant electvical length
H/A 0 " 0.0054; the radiation efficiency was found to be 73,

Further reduction of the resonant frequency was obrained by recourse

to inductive loading,
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Another example of very short antenna was obtained using two f oot
monopoles in folded structure with n = 3, Without ferrite lsading and top load-
ing the self resonant frequency is 125 me/s; with type A ferrite loading ard with
top hat consisting . ten radials of length five feet, the resonant frequency was
reduced to 6,16 me/s and the ratio H/k° was reduced to 0.012. The efficiency
of this antenna was found to be of the order of 21% and the input impedance of the
order of 28 ohms. Adding type A and type B ferrite loading the resonant frequency
was further reduced to 5,05 mc/s and the elecirical length was reduced to 0.010.
Hewever, the efficlency was also 4 ~reased.

1f top capacitive load and ferrite load are combined it is possible
to obtain structures which have an inductive input impedance, thus requiring an
input cspacitance for tuning.

Another interesting observation is that top capacitive loading may
be realized by means of direct capacitive connection to ground; in this case,

a wire parallel to the radiator is used, which as an electrical moment orposite
to that of the main dipole; however, since the electrical length of the ground
return is much smaller than that of the main dopole, a net radiation 1s obtained.

One of the limitations of ferrite loading is the saturation effect
of the magnetic permeavility; because of this characteristic th. maximum current
and therefore the maximum power handling ability of the ferrite antenna is limited,
Experimental verifications have been conducted to check quantitatively the import-

ance of this characteristic,

if H“t is the value of magnetic field for which the ferrite material

becomes saturated, the c rresponding maximum antenna current is:

Toax = 278H (719)

where a is the inner radius of the ferrite cylinder. The harmonic distortion which
is produced when the antenna current reac“es the above value is also present in

the radisled ..eld, since the latter is proportional to the antenns current. Because
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of this phenomenon the maximum radiated power of a ferrite /ntenna is limited;
however, it will be shown that these difficulties may be ove: come at least in part
by recourse to variocus design arrangements, One of these arrangements consists
of the use of negative feedback: an error signal proporticnaei to the distortion
term may be obtained from the output and after suitable amplification and phase
correction returned to the input feed point of the antenna, In certain cases it is
possible to find a voltage waveform which produces a sinusoidal current waveform;
since the radiated field is proportional tc the antenna current rather than to the
antenna voltage, the desired elimination of the distortion is achieved. Finally,
tl..c antenns power may be increased oy recourse to multiple antenna structures in
which each element is fa2d with a current less than that of saturaticn. Tests were
conducted in order to determine experimentally the amount of the distortion com-
ponents produced with large values of antenna currents. In addition, merhods
of compensation consisting of feeding the antenna with voltages at the harmonic
frequencies were successfully devised,

A series of tests were performed using ferrite type C, in which the

inner and outer radii are respectively:
a=0218cm b=1,27co
The theoretical maximum values of magnetic field and of current are
Hope © 1580 A/m, S 21.8 A

A two foot conductor of radius C,21 cm loaded uniformly with *ype C ferrite was
used in the experiments. Passing currents of frequency 600 c¢/s and of intensities
varying from L A to 12,5A the corresponding distcrtion components were measured,
These results are summarized in Table 10 and in fig. 15. It is seen that at 12,5A
the third harmonic component was 12,5 db down (6%) and the fifth harmonic component
was 17.5 db down. {L8% The even harmonic components were negligible.
Compensation of thard or fifth harmonic distortion was achieved
by simultaneously feeding a voltage at 18(C or 3000 cps. with proper amplitude

anc¢ phase, The results are shown in Table 11 and fig. 16. 1t is seen that che
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respective harmonic components were both decreased by more than 30 db,
In conclusion, in order to maintain the diatecr~jon in ferrite antennas

below a prescribed limit, the antenna curren* must not exceed a critical value,

Further work was performed in studying the combination of inductive
loading and ferrite loading. A helical structure consisting of a 16" high mono-
pole with 19 turns of diameter 1.25" was constructed. The unit was loaded with
type B ferrite and further provided with top capacitive loading consisting of ten
five feet long radials,

The antenna was shown to resonate at 7.8 mc/s with an input impedance:
of the order of 1.5 ohms; its electrical length was H/)\o = G,0105 and its radiat.on
efficiency was 21%.

Folding the above antenna inside the ferrite was accomplished using
a second helix coaxial with the first one. In this case the resonant frequency
was found to be 8,1 mc/s and the electrical length 0.011; the input impedance was
of the order of 12 ohms and the radiation efficiency of the order cf 23%.

Finally, tuning of the ferrite loaded antenna by means of short-
circuits across the ferrite material was tested successfully. For this purpose,
the inner conductor was provided with metal taps which were brought outside the
ferrite sleeve., Shortcircuiting these taps removed the effect of the ferrite mat-
erial and provided an increase of the resonant frequency. The results of this test
are illustrated in fig. 17,

8. APPLICATION OF FERRITE LOADING TO THE DESIGN OF AN OMEGA ANTENNA SYSTEM

The results of the investigation developed in the previous sections
have been utilized for a preliminary design of a 10.2 kc/s antenna system to be
used in connectize with the Omega Navigation System, The following design is
tentative, because scveral data which have been assumed should be submittaed o
experimental verification. However, the design giv-~c an overall idea of the

practical possibilities of ferrite loading in connection with VLF antennzs,
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The ferrite materisl selected for this application has the following

characteristics:

Inner radius a = 0,95 cm
Outer radius be38cm
Permeability M= 100
rermittivicy - = 10
Curie Point T. = 3% °C
Loss Paztor 2 % 1070
Density 4.5 gf ca’
Saturation Flux 3300 Gauss
Density

The electrical design of the antenna is obtained using the equations derived in
section 6. The frequency of operation of 10.2 kc¢/s corresponds to a wavelength
ko = 29,400m, The ratios ko/b and b/a are respectively

lolb = 7.9 x 105

and bfa = 3.8
From the graph of fig. 3 there follows that the wavelength reduction is
A, /A, = 0.27
f.e. ¥ =7940 g, Ho o= 1930 m. The actual antenna height is selected as
3
H=50=152 o
This corresponds to a ratio H/Bres « 0,077 . 1t is of interest tc note thaz thes

values of similar ratios for the Forest-Fort and for the Cutler antennas are

respectively:
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M= 369 = 0.0k
B 7500

H = 300 = 0.057

Hres 53w

Both are smaller than the valre selected in the present design, although the
corresponding actual heights of the antennas are respectively 120 and 1000°.
The radiation resistance of this antenna {s expected to be larger

than that of a metal air radiator having the same height., In accordance with
ea, 78 one has:

Rag = 0. 146 ohm

In order to take into account other jossible factors which reduce the radiation
efficiency, s value of R = C,10 olm will be ascumed. The actual input resistance
will be larger because it will include the loss components.

Folding nine tioes the antenna gives an input impedance

R, = 8.1 ohm
in

exclusive of losses. These will depend upon the overall radiation efficiency; for
exanmple, if the efficiency is of the order of 10%, the input resistance will be of

the order of 80 ohms and if the efficiency of the order of 50% the inpu: impedance
will be of the order of 16 ohm.

As far as the radiated power is concerned, this will be limited by the
maximum antenna current allowable. Since the maximum saturation field is
Hsat = 1580 A/m

the corresponding maximus vaiuve of antenna current is:

Toax ~ 9% A
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Assuming a safety factor of about 50%, & current of S0A may be considered as a
practical maximum value. The corresponding antenns radiated power is of the

order of:

Prad = 8,1 x 2500 = 20,3 KW

The distortion expected at this power level will be approximately of the order
of 3%.

The relative bandwidth of the antenna system will depend upon the
effective radiur of the cage antenra structure: a value of lc-e or better is
expected.

An mportant consideration is that of the worsening of the wave-
length reduction which is produced by the proximity effect. Assuming a separation
o 200 m between the axes of contiguous antenna elements the relative separation

is:
d/ko = 0,006

In accordance with the results of fig. 14 & increase of the wavelength reduction
ratio by 20% is expected, i.e. the ratio lzlko vill be increased from C.27 to 0.32,
This will decrease the effective radistion resistance and the radiated power corres-
pondingly. For example, a#ssuming that & rediation resistance of a single monopole
is 0.1U ohm, the modificd value will be:

0.1 x ( 0.27/0.32)% = 0.065 ohm

and the corresponding radiative input resistance of the folded antenna will be

6.85 ohm. Finally, the radisted gower for an antzana current of 50 A will be 17
kw. Of course, the proximity 2ffect may be decreased by increasing the axial
separation of the radistors; this may be dc~e easily since the overall arca covered

by thc antenna ic rather small,

36.
CONFIDENTIAL




CONFIDENTIAL

The capacitance of the top hat (s a function of .n+ ratio !'l/t*l,._es

and of the dimensions of the radiators. Its value may be comnuted using the
procedure of Schelkunoff(3) for cylindrical anzennas of radius -, height H, i.e.

< [ oee o
Z, = 2 faC, =60 | o» P stnEBH]+

zo-éo(lnzau-c:lesu , = 1+ cos 28H) . cot aH

oy

In *he above relation Zo is the aver .3e characteristic impedanc> of the antenna,
C, is the top capacitance and 3H = 2#H/lz. The value provided vy the above
relationship is approximate, and in practice a more accurate valux should be
obtained by experimental verifications, From the data .f ths Forest Pcrt and
the Cutler antennas, whose relative heights are smaller than the “slue assumed
for the present design, an approximate value of top capacitance of the -:der of
0.1 uF should be expected. The top load capacitance may be realized by means of
8 horizontal system of wires or also by means of appropriate guy wires; it has
been pointed out previously that the latter conductors have an electrical length
which is smaller than that of the ferrite loaded antenna, so that, when said wires
are returned tc ground. 2 net radiative moment is obtained.

In reference to the mechanical design of the antenna, two different
approaches have been followed. These consist both of a system of nine steel towers
arranged in correspondence of the vertices c¢f an octagon; in one case the ferrite
antennsa< are placed at the half-distance between the towers and in the second case
they have been placed next to or within each tower.

The first arrangement is shown in fig. 18. in order to provide antennas
of height 500 feet, the towers must be 660 feet high. Each antenna weights 7285
ibs. calculated as follows:

Ferrite material: 66LC 1b.

Steel rope 0.39 1b/ft 195

Steel and copper sleeves L;g
T285 1b.

(3} 5. A. Schelkunoff, Electromagnetic Waves, D. VanNostrand Co., 1943, p. L61.
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The antenna is constructed with a steel rope of diameter 1/2"; the rope is
surrounded with copper sleeves on which the ferrite cylinders are placed. The

cylinders are supported in groups by means of suitable bushéirgs which are pressed
against the rope by a magnetcitriction procsss. This is realized simply by
placing the rope and bushing within & coil through which a large surge of current
is passed.

The selected rope is 6 x 37 special flexible hoisting type (monitor
steel) having a breaking strength of 20,40C lbs. Therefore the safety factor is

20,400 = 2.8
7285

The horizontal support is provided by another steel rope of diameter 5/3" having
a8 breaking strength of 31,600 1lbs. Simple pulley systems nave been provided for the
hoisting and support of the radiators.

The steel towers are base insulated and are supported by means of
ruitable guy wires. Structures suitable for this application are svailable on
1 1e market for the desired dimensions and load specifications.

The second type of design assumes that each ferrite antenna is
supported by one tower., In this case the towers will be only S50C feer high and
will be arranged as shown in fig, 19, The proximity of the insulated towers to the
ferrite antenna may provide an interacting effect, but such efiect may actually
be equivalent to an increasse of the top load capacitance, An experimental veri-
fication of the proximity effect in this case would be desirable.

Typical cos.s of the towers and of the ferrite material for the

antenna system described are as follows:

660! heavy structure tower: steel $17,5%¢
erection work 5, 500
base insulator patY

$23,50C
38.
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660" light structure tower : steel $ 12,500
erection work 5, 500

base insulator 00

$ 18,500

500' heavy structure tower: steel $13,000
erection work 5, 500

base insulator 300
$ 19,000

50" light structure tower: sre -1 $ 9,000
erection work 5, 500

base insulator 500
$ IS,W

The cost of the ferrite material is approximately §21,000 for a 500' radiator
and is expected to be lower percentage-wise for larger quantities of ferrites,
Assuming that the cost of the ferrites remains unchanged, the total ferrite
cost for nine radiators would be of the order of 190,000 do.lars, The cost

of the ferrite material is of about the ssme order of magnitude as that of the
steel towers, The above costs do not include consideration of the insulators,

instzllagisn, conmectors, ground plane or top hat,

9. CONCLUDING REMARKS

In this report the problem of the design of ferrite loaded antennas
has been considered. In the past contradictory results have been published about
the usefulness and feasibility of this type of design. The principal difficulry
has been the sbsence of & practical generalized theorv which might provide the
possibility of design by modeling. Most results have been obtained either experi-
mentally on specific radiators or theore:i:cally on radiators embedded in spheres
or other iopractical geometries,

in this report & general theoretical amalysis of cylindricsel farrize
loaded entennas has been developed. The results or the analysis have been verified
experimentaily with numerous models in the WF range.
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On the basis of these results it is now possible to predict the
wavelength reduction realizable with a given geometry and with a given ferrite type;
the data required for the design are the rarios b/a [outer racius to inner radius of
the ferrite), and kolb , 88 well as the values of u and € of the ferrite marerial.
Graphs have bSeen prepared for cases of practical interest.

The analysis has been applied to the design of a VLF antenna for a
frequency of 10.2 kefs. This type of design illustrates well the possibilities «f
the theory. One isportant advantage is that experimental results obraired a:
higher frequencies can be interpreted and =pplled to cle design of VLF structurss,
The resulting design is, of course, tentative and chould be considered as tte
center design of a more complete first realization, which would be improved with

suitable experimental verifications,
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TABLE 1

SUMMARY OF PROPERTIES OF FERRITE TOROIDS USED

Loss Factor =
1

i:oq

at 1 ¥c.
at 10 M.

Sat. Flux Density

e {gauss)

Curie Point *C

Inner Radius “a”

(c=)}

Quter ~adius "b"
{c=)

Iype A Iype B Iype C
100 100 16C
10 i 10
00016 . 00016 00016
3300 3300 3300
3% 3% 3¢
.8 .73 0.218
1.55 2.38 1.27
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TABLE 1I

RESONMANT FERRITZ MOMOPOLES

Ferrite  Reson. Hfi Z,. EtE. BV -]
Type ;f:? (Ote=s) (£ {Re) 3}
A 25.9 0.05 % ic - -
A 1.1 0.06 12 2= o5 .75
A 7.3 0.06 12 57 25 3.3
A 3.72 ©.06 12 37 1oc 2.7
A .8 0.075 - .- - -
< B.sc  0.03% 3 E - -
AEB 1l: C.0%6 iz 17 - -
=2,
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TABLE 1V

FOLDED FERRITE MONOPOLES

A, Folding Inside Ferrite

Ferrite Freq. H/A 2, EEE.
_Type ne)_ ° *
A 4,29 .068 50 55
B, F-lding Outside Ferrite
Perrite Freq. H/A o Z. Eff BW
Type (bt ) Kn ) i (KC M
A 7.34 .059 50 68 300
A 4,69 075 5C 65 300
c 8.5 .03k 50 10 -

separation between elements

Lk,
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one driven 3 6 L 8.5 -90 15
two folded

one driven L 6 4 8.5 ¢ 200 17
three folded

two driven 4 6 4 8.5 50 17
two folded

four in parallel b 6 L 8.5 ~ 12 22

L5,
CONFIDENTIAL

CONFIDENTIAL
TABLE V
_MULTIPLY CONNECTED ANTENNAS
In-Line Arrangement cf Elsments Using Type C Ferrite

N umber of d H Freq. Zin Eff.

elements n ‘in) gf:} {Mc) [Ohma_)__ gﬂ
ot.2 element 1 s 4 8.5 -28 L, 9
one driven 2 6 4 8.5 50 11.0
one folded

%
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TABLE V1 _

PARALLEL CONNECTED ANTENNAS

In-Line Arrangement of Elements Using Type A Ferrite

H Freq. Z 4 Eff. oY
(fr) (M) L [N T
8 7.34 12 51 3.25
8 7.34 9 T4 3.45
8 7.34 5 07 b.h
8 7.34 4 78 5.4
bo.
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TABLE  VII

MULTIPLY FOLDED ANTENNAS

In-Line Arrangement of Elements Using Type A Ferrite

d H Freq. Zin Eff. oW
(in) (fe.) {Mc) (2 (%) Ty
1 6 8 7.34 ~12 51 3.25
2 6 8 7.34 ~50 Th L.15
3 6 3 7.34 ~90 £8 5.5
47,
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TABLE VI1I

PROXIMITY EFFECTS OF TWO ANTENNAS

Two % ft. Monopoles Using Type A Ferrite

Frea, Separation 214 Eif. BW
(¥e) (£€) oy 5 $
14,1 - ~12 21 6.1
14,1 - 12 24 6.7
15.1 1 k.5 24 7.3
k.6 2 L.s 25 7.2
4.2 3 k.5 3b 1.4
4.1 b 4,5 34 7.45
4.0 5 k.5 30 7.5
1k,0 6 k.5 35 1.5

48,
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Antenna

Antenna

Antenna

Antenna

Antenns

Antenns

Antenna

A alone

B alone

A&B

A&B

A&B

A& B

ALEB

A&B
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TABLE _IX

PROXIMITY EFFECTS OF THREE ANTENKNAS

Three 4 ft. Monopoles Using Type A Ferrite

Each Antenna Alone Resonated at 14.0 Mc.

IN-LINE ARRA? TRIANGULAR ARRAY
Separation Resonant Freq. Resonant Freq,

(£t) (Mc) {m)
0.09 17.1 17.3
0.75 15.6 -
1.0 15.3 15.6
1.5 15,7 -
2.0 15,2 14,6
3.0 14.0 -

kg,
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12.5

CONFIDENTIAL

IABLE X

HARMONIC DISTORTION IN FERRITE ANTENNA

Harmonics Measured in db Below Fundamental

Type C Ferrite Used

£ = 600 Coe.
3t 5t %,

(-db) (-dv) (-db)
- 1.0 28.0
37 i9.5 23.0
2h.5 19.5 23.0
20.5 19.0 23.0
16.0 16.5 23.5
4.5 17.0 25.0
14,5 19.0 27.5
12.5 1.5 26.0

50.
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(-db)

32.0
30.0
29.0
27.0
30.0
30.5

32.5
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Compensation

Fifth Harmonic
Compensation
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TABLE

X1

HARMONIC COMPENSATION

Harmonic Reduced by &t Least 30 db

Antenns
Current

(Asps)

6.0
7.0
8.0
9.0
10.0

12.5

8.0
9.0
10.0

12.5
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Fundsmeacal
Voltage

8 8 8 83 8 8

A

8

Harmonic
Voltage

1.85
.85
1.85
1.0
1.90
1.95

4 Harwon
Injec:

L5
8.0
11.0
13.5
15.0

1%.5
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FIGURE 1
CYLINDRITAL COCRDINATE SYSTEM
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FIGURE 2 PLOTS OF EQUATIONS 71 AND 72
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) FERRITE CONDUCTORS

é =

A. FOLDING INSIDE FERRITE

. o

B, FOLDING OUTSIDE i"CRRITE

FIGURE 9. F%I.JED FERRITE MONOPOLES AX2352369
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NUMBER OF ELEMENTS n

FIGURE 10, MULTIPLY CONNECTED ANTENNAY
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